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The role of the entrance channel in fusion-fission reactions was studied by the the- 
oretical analysis of the experimental evaporation residue excitation functions for 
reactions leading to the same compound nucleus. The evaporation residues cross 
sections for a;n-channels were calculated in the frame of the combined dinuclear 
system concept (DNS) and advanced statistical model (ASM). The revealed differ- 
ences between experimental data on the evaporation residues in the '*'^Ar-|-'^^^Hf, 
^^Kr -I- '^^"Xe and '^^''Sn + "^Zr reactions leading to the 2l6rp]^* compound nucleus 
(CN) are explained by the different spin distributions of compound nuclei which 
are formed. It is shown that the intrinsic fusion barrier B*j^^ and size of potential 
well are different for every entrance channel. 
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1 Introduction 



An appropriate way to understand the mechanism of the fusion-fission pro- 
cess in heavy ion colhsions is the analysis and comparison of the measured 
excitation functions of evaporation residues for reactions leading to the same 
compound nucleus. Theoretical calculations performed in the framework of 
the model including the nuclear shell effect and shape of colliding nuclei al- 
low us to come to useful conclusions about the mechanism of fusion-fission 
process. Often excitation functions of evaporation residues measured in vari- 
ous reactions leading to the same compound nucleus are different not only by 
the position of the maximum but also by the value of their maximums. The 
question on what characteristics of nuclei or what relevant degrees of freedom 
of the fusion-fission process are responsible for such difference in evaporation 
residue cross sections is a well actual problem to reveal optimal conditions for 
the synthesis of new super-heavy elements. 



2 Evaporation residue production in the DNS concept 

In the dinuclear system concept0 the evaporation residue cross section is fac- 
torized as follows: 

oo 

aeriE) = Y,i2(+'^)'^t'iE,i)Wsur{E,e). (1) 

i=0 

Here the effects connected with the entrance channel are included by the 
partial fusion cross section crj"^(i?) which is defined by the expressions: 

aj^'iE) = a'^''P'^^\E)PcN{E, £), (2) 
47r 

where A is the de Broglie wavelength of the entrance channel, Pcn{E,£) is a 
factor taking into account the decrease of the fusion probability due to break 
up of the dinuclear system before fusion; •p^^P*"'"'^^^'^ jg ^]^g capture probability 
which depends on the collision dynamics and determines the amount of partial 
waves leading to capture. 

The number of the partial waves was obtained by solving the equation of 
motion for the relative distance and orbital angular momentum 

^,{R{t)) R +jR{R{t)) R {t) = (4) 



capture 1^-^^^ ^ j-^capture ^^-^ ^^-^ 
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where R(t) is the relative motion coordinate, R (t) is the corresponding ve- 
locity; 9, 01 and 62 are angular velocities of the dinuclear system and its 
fragments, respectively; 77?, and 79 are the friction coefficients for the relative 
motion along R and tangential motion when two nuclei roll on each other's 
surfaces, respectively; V{R) is the nucleus-nucleus potential; fi{R{t)) is the 
reduced mass of the system; i?i and R2 are the fragment radii. 

Calculations showed that use of these kijietic coefficients leads to gradual 
dissipation of kinetic and rotational energy El. It was shown that at collisions 
of massive nuclei despite of continuous dissipation the capture becomes im- 
possible at larger values of beam energy than the Coulomb barrier, because 
of the small size of the well in the nucleus-nucleus potential. The dissipa- 
tion is not sufficient to trap colliding nuclei in the potential well to create a 
necessary condition for fusion, and in this case the formed dinuclear system 
undergoes quasi-fission. The nucleus-nucleus potential V{R) depends on the 
mutual orientations of the symmetry axes of deformed nuclei relative to R(i). 
The quadrupole (2+) and octupole (3~) collective excitations in spherical nu- 
clei are taken into account. Thus, it is possible to consider fusion at different 
initial orientations of the symmetry axes. 

The competition between fusion and quasi-fission is taken into accouiit by 
the factor Pcn {E, i) which is calculated using the method developed in El, in 
framework of the statistical model. It was suggested that the probability of 
realizing the complete fusion (in competition with the quasi-fission, starting 
from an entrance channel that gives a DNS), is related to the ratio of level 
densities, depending on the intrinsic fusion or quasi-fission barriers, by the 
expression: 

p _ Pi-Epi^s ~ ^*fus) 

where piEf^j^g — B'^) is the level density. 

In Eq. ra), Bqf is the barrier of the nucleus- nucleus interaction potential 
which needs to be overcome if the dinuclear system decays in two fragments, 
and E*jjj^g is the excitation energy of the dinuclear system given by the dif- 
ference between beam energy i?c.m. and the minimum of the nucleus-nucleus 
potential {E*jjj^g = Sc.m. - V{R„i)). 

The advanced statistical model (ASM), described in detail in Qa, allows 
us to take into account the dynamical aspect of the fission-evaporation com- 
petition at the compound nucleus evolution along the de-excitation cascade. 
Particular attention is devoted to the determination of the level densities. 

Dissipation effects, which delay fesion, are treated according tod'H. These 
include Kramers' stationary limit Q and an exponential factor applied to 
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Kramers' fission width to account for the transient time, after which the sta=j 
tistical regime is reached. The systematic obtained by Bhattacharya et alB 
gives the possibility of taking into account tlie incident energy per nucleon 
e and compound nucleus mass Acn dependencies of the reduced dissipation 
coefRcient Pdis- mn 

According to dinuclear system conceptllllj, the fusion of two colliding nu- 
clei is possible if the following two conditions are satisfied. The first one is 
overcoming Coulomb barrier along axis connecting nuclear centers by nuclei 
at incoming stage of collision and formation of the nuclear composite sys- 
tem (molecular alike so called dinuclear system). This process is called a 
capture. The second condition is the transformation of the dinuclear system 
into the more compact compound nucleus overcoming the intrinsic barrier 
which must be overcome by system during the motion on the mass 
(charge) asymmetry axis. So this stage is a fusion and it is realized by nu- 
cleon transfer from the light nucleus on the unoccupied states of heavy one at 
the limited size of overlap volume of nucleon density. For light and mediate 
nuclear system or for heavy nuclear system with largest mass asymmetry this 
barrier is very small or equal to zero and capture leads immediately to 
fusion. Therefore for those cases fusion cross section is calculated in frame of 
well known models. The barrier BJ^^ is determined by the difference between 
the maximum value of a driving potential and its value at the point corre- 
sponding to the initial charge asymmetry of the considered reaction (Fig.|l|). 
A driving potential holds significance in consideration of the fusion process 
as a motion of system along the charge (mass) asymmetry degree of freedom. 
Therefore, here more attention should be paid to that. It is obtained from the 
potential energy surface U {A, Z; R, £) as a function of masses (charges) Ax^Ai 
(^2 = Atot — A\) of fragments forming the dinuclear system at the i?m value of 
internuclear distance corresponding to the minimum of their nucleus- nucleus 
potential V{wp. The driving potential U{A,Z;£) calculated in this way is 
presented in Fig.^ The distribution of neutrons between two fragments by 
the given proton numbers Zi and Z2 (or ratios Ai/Zi and A2/Z2 for the both 
of fragments) was determined by minimizing of potential U{Ai, Zi; R) as a 
function of Ai for each Zi. 

UiA, Z- i?„„ £) = Bi + S2 + Fo(Z, £, ai; /32, aa; i?„0 - (Bo + VcNil)), (7) 

where, B2 and Bq are the binding energies of the nuclei forming a din- 
uclear system and of the compound nucleus, respectively. The values of 
i3i(i = 0, 1, 2) were obtained fronJl3; fii{i — 1,2) are the fragment deformation 
parameters and ai are the orientations of nuclei symmetry axis relative to the 
beam direction; VcNip) is the rotational energy of the compound nucleus. The 
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Fragment charge number, Z 

Figure 1. Driving potential U{Z, A, Rm',l = 0) as function of the charge number Z of a 
fragment of dinuclear system calculated by using of binding energies from the mass table^ 
(top panel) and liquid-drop model (middle- panel). The vertical arrows indicate initial charge 
number of light nuclei in the '"'Ar+l'^'^Hf (I), ^^^Kr + ^^°Xe (II) and ^^'^Sn + ^^Zr (III) 
reactions leading to ^^^Th. The intrinsic (top panel) and quasifission Bqf (bottom 

panel) barriers are shown as a function of charge number of a fragment of dinuclear system. 



Rm is the position of the minimum of the nucleus-nucleus potential (bottom of 
the pocket) on the R axis for a given mass asymmetry Ai. The smallest value 
of excitation energy of the compound nucleus {E'^^^"'^ ) is determined by the 
absolute maximum value of the driving potential laying on the way to fusion 
[Z = 0) from the point corresponding to the initial charge asymmetry (Fig.|l|) 



for the given mutual orientations of the axial symmetry axes of the projectile- 
and target-nucleus. Because the shapes of the potential energy surface and 
driving potential depend on the orientations of nuclei relatively to axis con- 
necting the centers of interacting nuclei. The presented results on capture and 
fusion cross sections are obtained by averaging over contributions of different 
orientations. The quasi-fission is a decay of dinuclear system moving along R 
in the V{R) nucleus-nucleus interaction potential without reaching compact 
shape. Thus, for quasi-fission, it is necessary to overcome the Coulomb bar- 
rier on the R axis from internal side. The DNS concept allows one to reveal a 
reason of the strong decrease in the fusion cross section for a massive system 
or for a symmetric entrance channel due to the increase of BJ^^. 

3 Comparison of DNS model results and experimental data 

3.1 Reactions leading to Th 

The role of the entrance channel on the formation of the compound nucleus 
and evaporation residues is a main point of our interest. The qualitative 
difference between fusion excitation functions of reactions leading to the same 
compound nucleus allows us to analyze the effect of the shell structure on 
the fusion mechanism. Experimental excitation functions of the evaporation 
residues measured in ^^Kr -I- 130436-^ ^ M reaction s in the Fl£rov Laboratory 
(Dubna) and that for the ^OAr+^^Hf EE3 and ^^'^Sn + ^^Zr reactions have 
been compajicd with the results of calculation in the frame of the method 
presented inB. It is shown that the effect of shell structure is revealed in the 
differences at comparison of spin distributions of compound nucleus formed 
by using different reactions. 

Experimental data reveal that the maximum value of the evaporation 
residue for "'"Ar-t-^'^^Hf (I) is twelve times larger than for ^"^Kr -I- ^^^Xe (II) 
and three times larger than for ^^''Sn -I- ^^Zr (III) (see Fig.|^). Because the 
'"'Ar-t-^^^Hf reaction has largest charge asymmetry (r/z — iZi — Zx)! {Z1+Z2)) 
in comparison with two others (II, III) and the height of barrier in the way 
to fusion for this reaction is smaller than that for (II, III) (Table M. The way 
to fusion is longer for the dinuclear system which has more mass symmetric 
configuration. In Figs.^ and the excitation functions of the capture and 
fusion calculated in the frame of dinuclear system for the (I, II, III) reactions 
are compared. The excitation functions of the evaporation residue calculated 
in the frame of advanced statistical modelEI are in good agreement with the 
experimental data (see Fig.||c). At these calculations, spin distributions for 
CN were found by the method presented incl. 
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Figure 2. Comparison of the calculated capture (a) and fusion excitation function (b) as 
well as calculated total excitation functions of evaporation residue with the experimental 
data (c) for ^OAr+l'^^Hfl^, I24gn + 922j.l4_ ^nd ^'^Kr + l^OXe" combinations leading to 
the 2i6Th CN. 



Table 1. Charge asymmetry, intrinsic fusion B*^^^, quasi-fission B^f barriers and the hin- 
drance factor PcN for the reactions leading to ^^^Th*. 



Reactions 


■nz 


B*fus (MeV) 


Bgf (MeV) 


PcN 


(I) ^OAr+i^eHf 


0.60 


2.31 


7.12 


0.580 


(II) 86Kr + i30Xe 


0.20 


12.31 


2.35 


0.014 


(111) l-^Sii - "-Zr 


0.15 


I). 87 


1..35 


0.081 



But an unusual phenomenon is that the maximum value of the evapora- 
tion residue for ^^"^Sn + ^^Zr is four times larger than for ^^Kr + -'^^°Xe nearly 
at the same value of E^j^. These reactions lead to the same (^^^Th*) CN. 
The mass asymmetry of (III) {{A2 ~ Ai)/{Ai + v42)=0.148) is smaller than 
one of (II) (0.203). It is not clear from the driving potential calculated using 
the binding energies Bi , B2 and Be n determined by the liquid-drop model 
(see middle panel of Fig.|l|), since the value of the fusion barrier -Bjjj^ for the 
"'^^'^Sn -I- ^^Zr reaction is not lower than that for the ^^Kr -t- ^^°Xe reaction. 

The reason of this phenomenon can be account for by comparison of driv- 

@g potentials calculated using binding energies obtained from the mass table 
and that determined by liquid drop model (see Fig.|l|, top and middle pan- 
els, respectively). The values of driving potential corresponding to the ^^Kr 
+ ^'^"Xe and ^^''Sn -|- ^^Zr reactions in the top and middle panel are different. 
One can see that, in the top panel of Figfi^, intrinsic fusion barriers for Bi^^ 




for the ^^Kr -t- ^^°Xe reaction is larger than that ^^*Sn -I- ^^Zr reaction. In 
this case, the hindrance factor Pcn of the fusion cross cross is larger for the 
former reaction than last one. This corresponds to the observed phenomenon 
for these two reactions. This discloses even qualitatively difference between 
values of Bj.^^ for reactions (II) and (III). It is seen from the middle panel of 
Fig.|l| that -BJ„s [I I) ~ ^fus i^^) when the driving potential is calculated us- 
ing the binding energies Bi , B2 and Bcn using the liquid-drop model. If the 
last case takes place then a difference between the fusion excitation function 
of the *®Kr -I- ^■^"Xe and ^^''Sn -I- ^^Zr reactions must be very small. This is in 
contradiction with experimental data and that means using of binding ener- 
gies obtained in the liquid-drop model is not suitable to analyze such unusual 
phenomenon. As seen from the Table ^ for the former reaction B*^^^ is larger 
than for the latter one due to shell effects for nuclear binding energy in the 
range of charge number of light fragment Z = 30 40. 

Another reason is seen from the analysis of spin distributions of compound 
nuclei formed in these three reactions. 

As seen from Fig.||, spin distribution of CN formed in reaction (I) (top 
panel) has largest volume in comparison for the reactions (II) (middle panel) 
and (III) (bottom panel). It is an expected result. The matter is that why the 
volume of in spin distributions of CN corresponding to reaction (III) is larger 
than that for reaction (II). This could be connected with the af"''^*"^'^ (E) and 
Pcn which determine partial fusion cross sections The last is calculated 
from the equation of motion. The number of partial waves £ which contribute 
to 17™^'"'^'^ (i?) is determined by the size of the potential well in the entrance 
channel (the high of quasi-fission barrier Bqf) and the friction coefhcient of 
the radial motion. The use of the calculated friction coefficients leads to a 
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Figure 3. Spin distributions for the ""Ar+^'^^Hf (top panel), *'^Kr + ^^°Xe (middle) and 
"'^^''Sn + ®^Zr (bottom) reactions. 



gradual dissipation of kinetic and rotational energies. It was shown that 
by collisions of massive nuclei, despite of continuous dissipation, the capture 
becomes impossible at beam energy values larger than the Coulomb barrier 
because of the small size of the well in the nucleus-nucleus potential which 
is a function of R. The dissipation is not enough to trap colliding nuclei in 
the potential well to create a necessary condition for fusion at low values of 
angular momentum which allow to the dinuclear system to fuse. At largest 
values of beam energy, capture is possible only for high angular momentum. 
In this case the formed dinuclear system can exist as a molecular state forming 
a super-deformed shape or undergoes quasi-fission because -B^^^, increases by 
angular momentum of dinuclear system. Then the maximum value of driving 
potential increases more faster than its value corresponding to charge (mass) 
asymmetry of the entrance channel. Therefore the maximum of the calculated 
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Table 2. Charge asymmetry, intrinsic fusion B*^^^, quasi-fission Bqj barriers and the hin- 
drance factor PcN for the reaction leading to 222 rpj^* 



Reactions 


Vz 


B}^s (MeV) 


Bgf (MeV) 


PcN 


(II) 8«*Kr + "OXe 


0.20 


12.31 


2.35 


0.014 


(IV) ^^'^Kr + i^^^Xe 


0.20 


7.52 


4.05 


0.027 



spin distributions has tendency to move to larger values of angular momentum 
at beam energies well above the Coulomb barrier. 

This is seen in the spin distributions for the ^^^Sn + ^^Zr and ^^Kr + 
^^°Xe reactions (Fig.||). The driving potential is the same for all the reactions 
leading to the same compound nucleus. Therefore the intrinsic fusion barriers 
for these reactions under discussion can be compared. It is seen in Fig.|l] 
(top panel) from the curve of the driving potential that is smaller for 

the reaction (III) than for (II). This is connected with the increase of the 
potential energy at Z > 37 due to the shell effects. 

The calculation of the driving potential using binding energies determined 
by liquid drop model shows that in this case the shape of the curve is different 
an one calculated using values of binding energies from the mass table in 
. Therefore, an observed smallness of the excitation function of evaporation 
residues for the ®^Kr + ^'^°Xe reaction than that for ^^^Sn -|-^^Zr is concluded 
to be connected with the peculiarity of the shell structure of nuclear fragments 
forming the dinuclear system. Due to large difference between Q-values of 
these three reactions leading to the "^^^Th* CN, the centers of their excitation 
functions are placed at different values of the excitation energy. 

3.2 Comparison of reactions induced by ^^Kr on the ^^'^Xe and ^^^Xe 
targets 

Another observed interesting phenomenon was revealed at the comparison of 
the experimental data on reactions induced by the ^^Kr projectile on the ^'^"Xe 
and -'^^^Xe targets. The evaporation residue in *®Kr + ^^^Xe (IV) was about 
500 times larger than in ^^Kr + ^^°Xe (II) (Fig.|c). This result is related to 
the two characteristics of the fusion- fission mechanism. At first, the fusion 
cross section calculated using the model reviewed in El for the reaction *®Kr -|- 
i36Xe is well larger than that for ^^Kr + ^^Oxe (Fig.^D). It is seen from the 
difference in spin distributions presented in Fig.g for these two reactions. 
This difference could be explained by the two facts: the size of the well 
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Figure 4. Comparison of the calculated capture (a), fusion (b) and evaporation residue (c) 
excitation functions as well as the measured excitation functions of evaporation residue (c) 
for the *^Kr + ^"^^Xe^^ (solid curve, open circles) and ^'^Kr + ^^"Xe^^ (dashed curve, solid 
squares) reactions. 



in the nucleus- nucleus potential for the ^^Kr + ^'^"Xe (II) reaction is smaller 
than that for ^^Kr + ^'^^Xe (IV) and the intrinsic fusion barrier is for the 
(II) reaction (BJ„^=12.3 MeV) larger than for the (IV) (7.5 MeV) while the 
quasifission barrier Bqf is 2.3 MeV for the DNS obtained by ^^Kr+^^^^Xe and 
4.05 MeV for ^'^Kr + ^^^Xe (see Table |). 

Therefore, by comparing these two reactions, a higher value of Bqf (4.05 
MeV against 2.3 MeV) together with a lower value of -BJ„^ (7.5 MeV against 
12.3 MeV) lead to a higher value of the fusion cross section for the reaction 
that gives the 222 rpj^* q-^ comparison with the reaction that gives the 
^^^Th* CN. Because the excess number of neutrons in ^^^Xe makes the nuclear 
interaction more attractive and the potential well is more wide in comparison 
with the nucleus-nucleus potential between ^^Kr and ^'^"Xe. The calculated 
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Figure 5. Spin distribution for the ^''Kr+^'^^Xe (top panel) and *'^Kr + ^^"Xe (middle 
panel) reactions at different beam energies Ei^b- Comparison of fusion excitation functions 
for these reactions (bottom panel). 



excitation functions for the sum of the evaporation residues in the ^^Kr + 
^^°Xe and ^^Kr + ^'^^Xe reactions are shown in Fig.Hc. 

At second, the survival probabihty (Wsur) of '^^Th* CN is larger than 
one of ^^^Th*: fission barrier of the isotope A = 222 is larger than for the 
isotope A = 216 while the neutron separation energy of 222^]-^* (^g^^ _ 7.808 
MeV) is smaller than 2i6xh* {S,, 8.701 MeV). Therefore the r„/r/ ratio is 
larger for ^^^Th* than for ^^^Th*. For these two compound nuclei the r„/r/ 
ratio is very different at each step of the two de-excitation cascades and it 
is larger for the cascade of ^^^Th*. By comparing the Fn/F/ values at each 
step of the cascades of 222^]^* g^^^^ 2i6rpj^!(!^ starting from the same excitation 
energy of the compound nuclei, in the 30-42.5 MeV excitation energy range 
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of CN, we find the values of the ratio {Tn/T f)-2-2-2xh*/ i^n/^ f)'2'-^'^Th* to be 
between 1.3 and 4.2 for the In-channel; this ratio is included between 2.2 
and 9.9 for the 2n channel; its values are included between 3.0 and 1.9 x 10^ 
for the in channel. The above-mentioned ratio is between 2.7 x 10^ and 
9.1 X 10^ for the 4n channel, in the 36.5-42.5 MeV excitation energy range of 
the compound nuclei. Large r„/r/ values correspond to a large evaporation 
residue production. 

4 Conclusion 

The combined dynamical and statistical model based on the dinuclcar system 
approach allowed us to estimate excitation functions of quasi-fission, fusion, 
and formation of evaporation residues in fusion reactions with massive nu- 
clei. The capture stage was calculated using the dynamical model and for 
calculation of the fusion stage a statistical approach was used. The obtained 
optimal beam energy or excitation energy of the compound nucleus is in good 
agreement with the experimental data. The fusion excitation functions calcu- 
lated in this way were used to estimate the surviving probability of the formed 
compound nucleus relative to fission in the frame of the advanced statistical 
model for the de-excitation cascade. The excitation functions obtained in this 
paper are in good agreement with the ones measured in experiments. 

The effect of the entrance channel was studied by analyzing the quantities 
in detail which were used in the calculation of the fusion cross section. These 
are the capture cross section (which is the formation probability of the din- 
uclear system in competition with quasi-fission), the intrinsic fusion barrier 
^^"^ quasi-fission barrier Bqf, and the excitation energy E^j^g of the 
dinuclear system. 

According to the scenario of the DNS-concept, the comparison of the 

data leading to the different 2i6rpj^* .^^^^ 222rpj^* jgotopes reveals a great role 
of the dynamics of the entrance channel and the nuclear shell structure on the 
mechanism of the complete fusion and the evaporation residue formation. 
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